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The mutual solubilities and related liquid-liquid equilibria of benzene with water and
heavy water are exhaustively and critically reviewed. Reports of experimental determi-
nation of solubility in these two chemically distinct binary systems that appeared in the
primary literature prior to end of 2002 are compiled. For the system benzene-water
sufficient data are available to allow critical evaluation. All data are expressed as mass
percent and mole fraction as well as the originally reported units. In addition to the
standard evaluation criteria used throughout the Solubility Data Series, a new method
based on the evaluation of all experimental data for a homologous series of aromatic
hydrocarbons was used. ©2005 American Institute of Physics.
@DOI: 10.1063/1.1790006#
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1. Preface

1.1. Scope of this Volume

This paper is Part 2 of a revised and updated version o
earlier compilation and evaluation of the mutual solubiliti
of water and hydrocarbon compounds containing five
more carbon atoms.1,2 This new work incorporates the com
pilations prepared for the original version~with correction of
typographical and other errors where such have been dis
ered! together with new compilations based on recent a
previously overlooked reports in the peer-reviewed scient
literature prior to 2003. To facilitate comparison of data,
original results are expressed in terms of mass percent
mole fraction as well as the units reported by the origin
investigators.

This revised work includes a new critical evaluation
which reported solubility values are characterized as rec
mended, tentative, doubtful, or rejected. This classificatio
based on the consistency between independently determ
experimental values and reference values derived from
newly developed set of smoothing equations.3 Recom-
mended values are supported by two~or more! independent
experimental values and a reference value that are a
agreement. Tentative values are supported by two~or more!
independent values in agreement with each other, but
with the reference value, or one experimental value in agr
ment with the reference value. Doubtful values are those
which a single experimental value differs from the referen
value. Experimental values that differ from reference valu
and other experimental values or experimental values
were obtained by suspect or undefined methods are reje

Detailed introductory material including explanations
the formats of compilation, definitions of commonly use
measures of solubility, the derivation of the smoothing eq
tions used calculate reference values, and the scope o
Solubility Data Series can be found in Part 1 of this upda
series.4
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1.2. Procedures Used in Critical Evaluation

The procedures used in critical evaluation and derivat
of reference data for systems containing aromatic hydro
bons and water3 are similar to those used for aliphatic hydr
carbons and water.4–7

Derivation of Reference Data for Solubility
of Aromatic Hydrocarbons in Water

The mole fraction of aromatic hydrocarbons in water (x1)
at temperature (T) along the three phase equilibrium exhib
a minimum (x1,min) near room temperatureTmin . The solu-
bility curve can be calculated approximately with an earl
derived equation:3

ln x15 ln x1,min1Cf ~T/Tmin! ~1!

where C is an adjustable parameter dependent on hydro
bons andf (T/Tmin) is a function, which achieves minimum
value equal to zero atT5Tmin :

f ~T/Tmin!5@~Tmin /T!ln~Tmin /T!112~Tmin /T!#.
~2!

Equation~1! was fitted to experimental solubility curve
reported in the literature for various aromatic hydrocarbo
The fitted values ofTmin are sensitive to errors of the dat
Taking into account the obtained, randomly scattered va
was decided to useTmin5290 K for all investigated systems

The other two parameters (x1,min and C! are related to
volume of the hydrocarbon. Larger molecules exhibit low
solubility, because the number of hydrogen bonds bro
and distorted during solution depends very much on the
of the cavity in the water needed to accommodate the
solved molecule. It is assumed here that the size of the ca
is proportional to the excluded volume (b) of the hydrocar-
bon. In this workRedlich–Kwong Equation of State~RK
EoS! is used, whereb is calculated from the critical tempera
ture (Tc) and critical pressure (Pc).

b50.08664 RTc /Pc . ~3!

The adjusted values of lnx1,min andC are plotted vsb in
Figs. 1 and 2.

FIG. 1. Minimum solubilities (x1,min) of aromatic hydrocarbons vs exclude
volume (b).
n
r-

r

ar-

s.

es

r
n
e

s-
ity

The linear relations shown in Figs. 1 and 2 suggest t
Eq. ~1! can be rewritten in form

ln x15~c11c2b!1~c31c4b! f ~T/Tmin!. ~4!

The coefficientsc1 , c2 , c3 , andc4 were found by simulta-
neous regression of the investigated solubility data. Bef
regression the plots of the solubility data were inspected
order to remove outlying experimental points. The init
verification rejected 210 points. The remaining 556 poi
corresponding to 24 mixtures were used in the regress
The following values of the coefficient in Eq.~4! were ob-
tained:

c1522.605; c2520.06296 cm23mol;

c357.979; c450.2668 cm23mol.

These values applied to benzene (b582.7 cm3 mol21) give:

ln x1527.812130.04f ~T/Tmin!. ~5!

Equation~4! with the obtained coefficients is valid up t
three phase critical temperature (T3c). The solubility of ben-
zene in water reported for temperatures higher thanT3c are
also well approximated. The analysis of the deviations
the investigated systems shows that they are random and
be ascribed to error of the data.

The standard error of ln(x1) resulting from Eq.~4! was
determined with help of the variance–covariance matrix
tained by the least squares method. For benzene this y
the following equation:

s~ ln x1!5@1.833102422.4531023f ~T/Tmin!

10.202f 2~T/Tmin!#
0.5, ~6!

where f (T/Tmin) is defined with Eq.~2!. The value of
s(ln x1), calculated with Eq.~6!, is 0.014 at 290 K and in-
creases with temperature achieving 0.057 at 550 K.

The solubility of hydrocarbons in water calculated fro
Eq. ~4! are used as reference data. It was assumed tha
error of the reference data does not exceed three times

FIG. 2. CoefficientC vs excluded volume of aromatic hydrocarbons (b).
J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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480480 A. MACZYNSKI AND D. G. SHAW
standard deviation. As in Part 1~Maczynski and Shaw4!,
experimental solubility differing from the reference da
more than the 30% are considered doubtful. Data are
garded as tentative if they agree with the reference data
are not supported by measurements from other laborato
Data from different sources, which agree with each other
with the reference data are recommended.

Derivation of Reference Data for Solubility of
Water in Aromatic Hydrocarbons

Reference data for the solubility of water in aromatic h
drocarbons were calculated by a method developed
Góral.8 This method of phase equilibrium calculation
~EoSC! is based on the RK EoS with an added term, wh
accounts for hydrogen bonding. Application of the EoSC
water systems has been described earlier.4–7 The input data
for the LLE correlation in aromatic hydrocarbon–water sy
tems is the solubility of the aromatic hydrocarbons in wa
calculated with Eq.~4!. The output is water solubility (x2) in
a given hydrocarbon as a function of temperature (T).

The calculated results were compared with experime
data3 and support the conclusion that the calculated solub
ties of water in aromatic hydrocarbons can be used as re
ence data up to about 60 K below the three phase temp
ture.

Standard error of the water solubility measurements w
estimated with equation:

s~ ln x2,exp!5@S~ ln x2,exp2 ln x2,EoSC!k /~m2n!#0.5,
~7!

where lnx2,exp is a logarithm of the experimental mole fra
tion of water in hydrocarbon and lnx2,EoSCis the correspond-
ing value calculated with EoSC usingn parameters in the
model of the association. The summation goes throughm
experimental points.

For the solubility of water in the aromatic hydrocarbo
405 experimental points for 15 systems were available in
literature. Most of these points~270! correspond to solubility
of water in benzene or toluene. After initial verification 3
points were rejected. Standard error estimated from the
mained 369 points was 0.11. In view of accuracy of the d
the agreement between the calculated and experimenta
ter solubilities is very satisfactory.

Average standard errors of the calculated~reference! data
was estimated with equation:

s̄~ ln x2,EoSC!5s~ ln x2,exp!~n/m!0.5, ~8!

where m5369; n53; s(ln x2,exp)50.11, which gives:
s̄(ln x2,EoSC)50.01. This corresponds to an average stand
error of the calculated mole fraction of water about 1%. O
must take into account that Eq.~8! gives an average value o
the standard error. This error is certainly larger at high te
peratures, because most of the experimental points are
ported for low and medium temperatures. This situation
similar to those presented in the previous section, where
J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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~6! gives standard error equal about 0.01 at low temperatu
and 0.06 at high temperature. Therefore we used the s
criteria as those adopted in previous section for reco
mended, tentative, and doubtful data.

For convenience of the user the solubility of water in be
zene predicted with EoSC were approximated with Eq.~9!
proposed by Economouet al.9

ln x25d11d2~1/Tr21!1d3~12Tr !
1/31d4~12Tr !,

~9!

whereTr5T/T3c , and T3c is three phase critical tempera
ture. According to Tsonopoulos and Wilson10 for benzene
T3c5541.7 K. Values of the coefficients adjusted to the so
bility data predicted by EoSC are as follows:d1520.509;
d2524.316; d3520.203; d4523.637.

The range of applicability of Eq.~9! is the same as thos
listed above for EoSC.

M. Goral
Institute of Physical Chemistry

Polish Academy of Sciences
Warsaw, Poland

1.3. References for the Preface

1D. Shaw, Editor, IUPAC Solubility Data Series, Vol. 37, Hydrocarbo
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7M. Goral, B. Wisniewska-Goclowska, and A. Maczynski, Recommend
Liquid-Liquid Equilibrium Data, Part 2: Binary Unsaturated Hydrocarbo
Water Systems, J. Phys. Chem. Ref. Data33~2!, 579 ~2004!.

8M. Goral, Fluid Phase Equilibria27, 118 ~1996!.
9I. G. Economou and C. Tsonopoulos, Chem. Eng. Sci.52, 511 ~1997!.

10C. Tsonopoulos and G. M. Wilson, AIChEJ.29, 990 ~1983!.

2. Introduction to the Solubility Data Series
Solubility of Liquids in Liquids

2.1. Nature of the Project

The Solubility Data project has as its aim a comprehens
review of published data for solubilities of gases, liquids, a
solids in liquids or solids. Data of suitable precision are co
piled for each publication on data sheets in a uniform form
The data for each system are evaluated and, where data
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different sources agree sufficiently, recommended values
proposed. The evaluation sheets, recommended values
compiled data sheets are published on consecutive page

This series is concerned primarily with liquid-liquid sy
tems, but a limited number or related solid-liquid, fluid-flui
and multicomponent~organic-water-salt! systems are in-
cluded where it is considered logical and appropriate. So
bilities at elevated and low temperatures and at eleva
pressures have also been included, as it is considered
propriate to establish artificial limits on the data presente
they are considered relevant or useful.

For some systems, the two components may be miscib
all proportions at certain temperatures and pressures. Da
reported miscibility gaps and upper and lower critical so
tion temperatures are included where appropriate and w
available.

2.2. Compilations and Evaluations and Quantities
and Units Used in Compilation and Evaluation

of Solubility Data

Formats for the compilations and critical evaluations ha
been standardized for all volumes, and complete details
these formats can be found in previousSolubility Data Series
volumes, for example, Sazonov and Shaw.1

Solubilities of liquids in liquids and solids in liquids hav
been the subject of research for a long time, and have b
expressed in a great many ways. The nomenclature, us
symbols and units in theIUPAC-NIST Solubility Data Serie
follow, where possible, Mills,2 again reviewed in detail in
re
nd

.

-
d

ap-
if

in
on
-
en

e
or

en
of

Sazonov and Shaw.1 A few quantities follow the ISO
standards3 or the German standard;4 see a review by Cvitasˇ5

for details. Updated definitions on nomenclature and use
symbols and units has been published in a recent review
Lorimer ~6!.

A note on nomenclature. The nomenclature of the IUPAC
Green Book~2! calls the solute component B and the solve
component A. In compilations and evaluations, the fir
named component~component 1! is the solute, and the sec
ond ~component 2 for a two-component system! is the sol-
vent. The reader should bear these distinctions
nomenclature in mind when comparing equations given h
with those in theGreen Book. Additional details can be
found in the review by Lorimer.6

2.3. References for the Introduction to the
Solubility of Liquids in Liquids

1V. P. Sazonov and D. G. Shaw, editors,Acetonitrile Binary Systems,
IUPAC-NIST Solubility Data Series, Vol. 79, J. Phys. Chem. Ref. Data31
~4!, 989 ~2002!.

2I. Mills et al., eds.Quantities, Units and Symbols in Physical Chemis
~theGreen Book! ~Blackwell Scientific Publications, Oxford, U.K., 1993!.

3ISO Standards Handbook,Quantities and Units~International Standards
Organization, Geneva, 1993!.

4German Standard, DIN 1310,Zusammungsetzung von Mischphas
~Beuth Verlag, Berlin, 1984!.

5T. Cvitaš, Chem. International17 ~4!, 123 ~1995!.
6J. W. Lorimer,Quantities, Units and Conversions, in The Experimental
Determination of Solubilities, G. T. Hefter and R. P. T. Tomkins, editor
~Wiley, New York, 2003!.
J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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Bröllos, K. 550
Brown, R. L. E485-E493, 503
Brown-Thomas, J. M. E485-E493, 527
Budantseva, L. S. E485-E493, 503
Burd, S. D., Jr. E485-E493, 504
Caddock, B. D. E485-E493, 504
Calder, G. V. E485-E493, 506
Cave, G. C. B. E485-E493, 520
Chandler, K. E485-E493, 505
Chen, H. E485-E493, 505
Chew, J. N. E485-E493, 512
Chey, W. E485-E493, 506
Christian, S. D. E485-E493, 512, 518, 544
Claussen, W. F. E485-E493, 500
Clifford, C. W. E485-E493, 506
Coleman, C. F. E485-E493, 535
0047-2689Õ2005Õ34„2…Õ548Õ76Õ$39.00 J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005548



549549IUPAC-NIST SOLUBILITY DATA SERIES
Connolly, J. F. E485-E493, 507
Corby, T. C. E485-E493, 508
Davies, P. L. E485-E493, 504
Deguchi, T. E485-E493, 537-538
Dew, M. J. E485-E493, 502
Doi, Y. E485-E493, 517
Donahue, D. J. E485-E493, 508
Durand, R. E485-E493, 509
Eason, B. E485-E493, 505
Eckert, C. A. E485-E493, 505
Elworthy, P. H. E485-E493, 508
Englin, B. A. E485-E493, 509
Erickson, E. E. E485-E493, 496
Everson, H. E. E485-E493, 501
Feix, G. E485-E493, 499
Filyas, Yu. I. E485-E493, 510
Frank, H. S. E485-E493
Franks, F. E485-E493, 510
Freeman, D. H. E485-E493, 526
Gedan, H. E485-E493, 499
Gendrano, M. C. E485-E493, 526
Gent, M. E485-E493, 510
Gill, S. J E485-E493
Goldberg, R. N. E485-E493, 527
Goldman, S. E485-E493, 549
Gorbachev, S. V. E485-E493
Gramajo de Doz, M. B. E485-E493, 511
Green, W. J. E485-E493
Gregory, M. D. E485-E493, 512
Grigsby, R. D. E485-E493, 544
Griswold, J. E485-E493, 512
Groschuff, E. E485-E493, 513
Gross, P. M. E485-E493, 539
Gubergrits, M. Ya. E485-E493, 521
Guseva, A. N. E485-E493, 514
Harkins, W. D. E485-E493, 543
Hawthorne, S. B. E485-E493, 529
Hayano, I. E485-E493
Hayashi, M. E485-E493, 514
Herz, W. E485-E493, 515
Hicks, C. P. E485-E493
Hill, A. E. E485-E493, 515, 516
Hoffpauir, M. A. E485-E493, 516
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